Abstract-Dysregulation of the ubiquitin proteasome system components ubiquitin ligases and proteasome plays an important role in the pathogenesis of cardiac hypertrophy. However, little is known about the role of another ubiquitin proteasome system component, the deubiquitinating enzymes, in cardiac hypertrophy. Here, we revealed a crucial role of ubiquitin specific protease 4 (USP4), a deubiquitinating enzyme prominently expressed in the heart, in attenuating pathological cardiac hypertrophy and dysfunction. USP4 levels were consistently decreased in human failing hearts and in murine hypertrophied hearts. Adenovirus-mediated gain-and loss-of-function approaches indicated that deficiency of endogenous USP4 promoted myocyte hypertrophy induced by angiotensin II in vitro, whereas restoration of USP4 significantly attenuated the prohypertrophic effect of angiotensin II. To corroborate the role of USP4 in vivo, we generated USP4 global knockout mice and mice with cardiac-specific overexpression of USP4. Consistent with the in vitro study, USP4 depletion exacerbated the hypertrophic phenotype and cardiac dysfunction in mice subjected to pressure overload, whereas USP4 transgenic mice presented ameliorated pathological cardiac hypertrophy compared with their control littermates. Molecular analysis revealed that USP4 deficiency augmented the activation of the transforming growth factor β-activated kinase 1 (TAK1)-(JNK1/2)/P38 signaling in response to hypertrophic stress, and blockage of TAK1 activation abolished the pathological effects of USP4 deficiency in vivo. These findings provide the first evidence for the involvement of USP4 in cardiac hypertrophy, and shed light on the therapeutic potential of targeting USP4 in the treatment of cardiac hypertrophy. promotes ionizing radiation-induced cell apoptosis by specifically reducing p53 expression. 13 Of note, USP4 is a putative proto-oncogene, which promotes epithelial to mesenchymal transition and breast cancer cell migration. 18 Interestingly, mounting evidence supports pivotal roles of proto-oncogenes in modulating cardiac hypertrophy, 19, 20 indicating a potential involvement of USP4 in cardiac hypertrophy. We therefore posited that USP4, a DUB prominently expressed in the heart, might be a potential signaling regulator implicated in cardiac hypertrophy.
C
ardiac hypertrophy is an initially adaptive reaction to maintain cardiac output in response to various stresses (eg, pressure/volume overload and ischemic injury). 1 Despite its initial compensatory nature, pathological cardiac hypertrophy results in ultimate maladaptation and heart failure, and represents a potent independent risk factor for cardiac morbidity and mortality. 2 The development of cardiac hypertrophy involves a complex process of myocyte molecular modifications, secondary to the reactivation of the fetal gene expression program after excessive activation of multiple signaling cascades. 3, 4 Existing antihypertrophic therapies generally targeting membrane receptors seem to have limited efficacy 5 and lead to systemic and off target effects, 6 possibly because of nonspecific suppression of downstream signaling. 7 Identification of novel molecular regulators with pathway specificity within the intracellular hypertrophic signaling network may allow to characterize novel intervention targets for the treatment of cardiac hypertrophy and heart failure.
Deubiquitinating enzymes (DUBs), consisting of diverse enzymes targeting specific substrates in a highly regulated manner, 8 have drawn enhanced interest as drug targets. In particular, the ubiquitin-specific protease (USP) family is the largest subclass among the 5 DUB subclasses, with the highest substrate specificity, 9 and exhibit diverse tissue-specific expression patterns, 10 representing an intriguing pool for drug discovery. 11 USPs are pivotally involved in DNA repair, endocytosis, immune response, and carcinogenesis 12 ; however, the role of the USPs in cardiac pathology remains almost unknown. Interestingly, USP4 is prominently expressed in the heart and skeletal muscle at the protein level, 13 indicating a potential role of USP4 in cardiac biology. USP4 knockout mice are viable and developmentally normal, 13 suggesting that USP4 may be preferentially involved in pathological processes rather than in physiological functions. Indeed, USP4 plays pivotal roles in noncardiac pathologies by regulating specific intracellular pathways in a stimulus-dependent manner. [14] [15] [16] In response to proinflammatory stimuli, USP4 quenches excessive inflammatory response by suppressing nuclear factor κB signaling, 15, 16 whereas in response to viral infection, USP4 promotes antiviral responses by augmenting retinoic acidinducible gene 1-β interferon signaling. 17 In addition, USP4
promotes ionizing radiation-induced cell apoptosis by specifically reducing p53 expression. 13 Of note, USP4 is a putative proto-oncogene, which promotes epithelial to mesenchymal transition and breast cancer cell migration. 18 Interestingly, mounting evidence supports pivotal roles of proto-oncogenes in modulating cardiac hypertrophy, 19, 20 indicating a potential involvement of USP4 in cardiac hypertrophy. We therefore posited that USP4, a DUB prominently expressed in the heart, might be a potential signaling regulator implicated in cardiac hypertrophy.
In this study, we observed reduced levels of USP4 in hearts from patients with dilated cardiomyopathy and in animal models of cardiac hypertrophy induced by pressure overload. By subjecting USP4 knockout mice and transgenic mice with cardiac-specific USP4 overexpression to aortic banding (AB), we observed that USP4 deficiency aggravated hypertrophic growth and cardiac dysfunction. Conversely, restoration of USP4 level remarkably protected the heart against pathological hypertrophy. Mechanistically, the beneficial effect of USP4 was largely dependent on the blockade of the transforming growth factor β-activated kinase 1 (TAK1)-(JNK1/2)/P38 signaling.
Materials and Methods
The animal protocol was approved by the Institute's Animal Ethics Committee of Shanghai Jiao Tong University, and the investigation complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male USP4-knockout mice and their wild-type (WT) littermates as well as cardiac-specific USP4 transgenic mice and their nontransgenic littermates (aged 8-10 weeks) were used in the present experiments. Human failing heart samples were obtained from patients with dilated cardiomyopathy who underwent heart transplant surgery. Nonfailing heart samples were collected from healthy donor hearts, which were not suitable for transplantation. Informed written consent was obtained from the families of the patients and prospective heart donors. All the studies involving human samples were approved by the Ethics Committee of Renji Hospital, School of Medicine, Shanghai Jiao tong University, and conformed to the principles outlined in the Declaration of Helsinki. An expanded Materials and Methods section is available in the online-only Data Supplement, which includes detailed information on the following aspects: generation of global USP4 knockout and USP4 transgenic mice, surgical procedure of AB, 21 histological analysis, echocardiographic measurement, 22 culture of neonatal rat ventricular myocytes and adenovirus transfection, 23, 24 immunofluorescence analysis, 25, 26 ubiquitination assay, 27 immunoprecipitation, Western blot and quantitative real-time polymerase chain reaction, and human heart samples.
Figure 1.
Ubiquitin-specific protease 4 (USP4) expression is reduced in human failing hearts and murine hypertrophied hearts. A, Transcriptional levels of USP4 were determined by real-time quantitative polymerase chain reaction in heart samples from patients with dilated cardiomyopathy (DCM) and normal heart tissues (n=4 samples per experimental group, *P<0.05 vs donor hearts). B, mRNA levels of USP4 in heart samples from sham-operated mice or mice subjected to pressure overload (n=4 mice per experimental group, *P<0.05 or **P<0.01 vs sham). C, Left, Western blot bands of USP4, atrial natriuretic peptide (ANP), and β-myosin heavy chain (β-MHC) in heart samples from normal donors and patients with DCM. Right, Protein expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and compared between indicated groups (n=4, *P<0.01 vs donor hearts). D, Left, USP4, ANP, and β-MHC levels in heart tissues from mice subjected to sham or aortic banding (AB) surgery were detected by Western blot at indicated time points. Right, Quantitative representation of protein expression levels in indicated groups (n=6, *P<0.05 or **P<0.01 vs sham). E, Left, Western blot analysis of USP4, ANP, and β-MHC levels in neonatal rat cardiomyocytes treated with phosphate buffered saline (PBS) or angiotensin II (Ang II; 1 μmol/L) for the indicated time. Right, Protein expression levels were normalized to GAPDH and subjected to statistical analysis (n=3 independent experiments, *P<0.05 or **P<0.01 vs PBS). The data are presented as the mean±SD.
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Statistical Analysis
Data are presented as the mean±SD. Comparisons between 2 groups were performed using a 2-tailed Student t test. One-way ANOVA with the Bonferroni post hoc test (equal variances assumed) test or the Tamhane post hoc test (equal variances not assumed) was used to determine differences among multiple groups. P value <0.05 (2-tailed) were considered significant.
Results
USP4 Expression Is Decreased in Human Failing Hearts and Murine Hypertrophic Hearts
To investigate the potential involvement of USP4 in cardiac hypertrophy, we first determined if the development of pathological cardiac hypertrophy was associated with altered USP4 expression. USP4 transcription levels determined using realtime polymerase chain reaction were significantly reduced in heart tissues of patients with dilated cardiomyopathy when compared with normal donor hearts ( Figure 1A) ; similar findings were apparent in a murine model of cardiac hypertrophy induced by pressure overload ( Figure 1B) . Consistent with the polymerase chain reaction results, USP4 protein levels were significantly reduced in human failing hearts compared with those of normal donor hearts, which was accompanied by increased levels of fetal genes atrial natriuretic peptide (ANP) and β-myosin heavy chain (β-MHC; Figure 1C ). Consistently, USP4 protein expression was progressively downregulated in the murine model by 30% and 75% at 4 and 8 weeks after AB surgery, respectively, along with increased levels of ANP and β-MHC ( Figure 1D ). Moreover, endogenous expression of USP4 in cardiomyocytes progressively decreased in response to angiotensin II (Ang II) exposure ( Figure 1E ). These data indicate that endogenous USP4 is consistently downregulated in human failing hearts and hypertrophied murine hearts.
USP4 Suppresses Ang II-Induced Cardiomyocyte Hypertrophy In Vitro
To characterize the pathological consequence of decreased USP4 expression in response to hypertrophic stimulation, we performed loss-of-function studies in isolated neonatal rat cardiomyocytes (NRVMs) using an adenovirus harboring Figure 2D ). To further determine if restoration of USP4 levels by expression of exogenous USP4 attenuated myocyte hypertrophy, we transfected isolated NRVMs with an adenovirus harboring USP4 cDNA (AdUSP4) to upregulate USP4 expression. Conversely, USP4 overexpression dramatically blunted the prohypertrophic effect of Ang II ( Figure 2E ) and suppressed expression of ANP, brain natriuretic peptide, and β-MHC compared with AdGFP transfection ( Figure 2F ). Thus, decreased USP4 levels seem to be essential for the development of myocyte hypertrophy induced by Ang II, and restoration of USP4 levels potently alleviates myocyte enlargement.
USP4 Deficiency Aggravates AB-Induced Cardiac Hypertrophy and Dysfunction In Vivo
Development of pressure overload-induced cardiac hypertrophy in vivo involves more complex cellular modifications than Ang II-induced myocyte hypertrophy in vitro. 28 To determine whether USP4 deficiency promotes cardiac hypertrophy in vivo, we subjected USP4 global knockout mice and their WT littermates to pressure overload. Details on the design and testing of the knockout animals are included in the onlineonly Data Supplement ( Figure S1-S4 ). Of note, knockout mice were viable and developmentally normal compared with WT mice. Four weeks after AB surgery, knockout mice exhibited remarkably increased heart weight index and lung weight index ( Figure 3A ), indicating that USP4 deficiency exacerbated pressure overload-induced heart enlargement and cardiac dysfunction. Consistently, echocardiographic measurements confirmed that USP4 depletion dramatically promoted ventricular dilation and contractile dysfunction ( Figure 3B ). Furthermore, more severe cardiomyocyte hypertrophy and interstitial and perivascular fibrosis were observed in knockout mice compared with WT controls in response to pressure overload ( Figure 3C-3E) , accompanied by significantly decreased transcription levels of sarcoplasmic reticulum Ca 2+ ATPase (Serca2a) and elevated levels of hypertrophic and fibrotic markers, including ANP, brain natriuretic peptide, β-MHC, collagen I, collagen III, and connective tissue growth factor ( Figure 3F ). Collectively, these loss-offunction studies suggest that USP4 deficiency contributes to (right) . B, The ratios of heart weight/body weight (HW/BW, left), lung weight/body weight (LW/BW, middle), and heart weight/ tibia length (HW/TL, right) were determined in indicated groups 4 weeks after AB surgery (n=12). C, Echocardiographic measurements of left ventricular end-diastolic diameter (LVEDd, left), left ventricular end-systolic diameter (LVESd, middle), and fractional shortening (FS, right) in different groups (n=6-8 mice per experimental group). D, Heart slices were subjected to hematoxylineosin (H&E), wheat germ agglutinin (WGA), and picrosirius red (PSR) staining for the assessment of cardiomyocyte sectional area and fibrosis 4 weeks after AB surgery (scale bar, 50 μm for H&E staining; scale bar, 50 μm for WGA staining; and scale bar, 100 μm for PSR staining). E and F, Statistical results for the cross-sectional areas of cardiomyocytes (n=100 cells per experimental group) and fibrotic ratios in indicated groups. G, The mRNA levels of fetal genes and fibrotic markers in the heart tissues from TG and NTG mice 4 weeks after sham or AB surgery (n=4 mice per experimental group 
Cardiac-Specific USP4 Overexpression Attenuates Cardiac Hypertrophy and Dysfunction In Vivo
On the basis of the pathological effects of reduced USP4 levels on cardiac hypertrophy, we further determined if restoring cardiac USP4 levels exerted a beneficial effect, and for this purpose generated mice with cardiac-specific overexpression of USP4 ( Figure 4A, left) . Overexpression of cardiac USP4 was validated in 4 transgenic lines by Western blot (Figure 4A , right). Line transgenic 4 was randomly selected for further experiments. At baseline, transgenic mice were viable and showed no obvious cardiac morphological or functional abnormalities. In response to pressure overload, USP4 overexpression dramatically reduced heart weight index and lung weight index ( Figure 4B) , and improved cardiac function after AB surgery compared with nontransgenic mice ( Figure 4C ). In parallel, the USP4 transgene inhibited development of cardiomyocyte hypertrophy and cardiac fibrosis ( Figure 4D-4F ) and significantly normalized expression of hypertrophic and fibrotic markers ( Figure 4G ). Taken together, these data indicate that maintaining cardiac USP4 expression protects against pressure overload-induced cardiac hypertrophy and cardiac dysfunction.
USP4 Regulates TAK1-(JNK1/2)/P38 Signaling Via Its Deubiquitinating Activity
The aforementioned results provided robust evidence supporting the detrimental effect of USP4 deficiency in cardiac hypertrophy development. To further gain insight into the downstream molecular events mediating the pathological Figure 5 . Ubiquitin-specific protease 4 (USP4) reduces JNK1/2 and P38 phosphorylation levels in hypertrophied hearts and myocytes. A, The effect of endogenous USP4 on phosphorylation levels of prohypertrophic kinases in vivo. Top, Western blots results showing the phosphorylation and total protein levels of MEK1/2, ERK1/2, JNK1/2, and P38 in heart tissues from USP4 deleted mice and wild-type (WT) mice 4 weeks after aortic banding (AB) surgery. Bottom, Graphic representation of the phosphorylation levels of JNK1/2 and p-P38 in knockout (KO) and WT mice 4 weeks after AB (n=6, *P<0.01 vs WT/sham, #P<0.05 or ##P<0.01 vs WT/AB). B, The effect of exogenous USP4 overexpression on phosphorylation levels of prohypertrophic kinases in vivo. Top, Western blot results showing the phosphorylation and total protein levels of MEK1/2, ERK1/2, JNK1/2, and P38 in heart tissues from USP4 transgenic mice and nontransgenic mice 4 weeks after sham or AB surgery. Bottom, Statistical analysis of the phosphorylation levels of JNK1/2 and P38 in transgenic (TG) and nontransgenic (NTG) mice (n=6, *P<0.05 or **P<0.01 vs NTG/sham, #P<0.05 or ##P<0.01 vs NTG/AB). C, Effect of endogenous USP4 on phosphorylation levels of prohypertrophic kinases in vitro. Top, Representative Western blots showing the phosphorylation and total protein levels of MEK1/2, ERK1/2, JNK1/2, and P38 in NRVMs infected with shUSP4 or shRNA followed by treatment with phosphate buffered saline (PBS) or angiotensin II (Ang II). Bottom, densitometry analyses of JNK1/2 and P38 phosphorylation levels in indicated groups (n=3 independent experiments, *P<0.05 or **P<0.01 vs shRNA+PBS, #P<0.05 vs shRNA+Ang II). D, Effect of exogenous USP4 overexpression on phosphorylation levels of prohypertrophic kinases in vitro (n=3 independent experiments, *P<0.01 vs AdGFP+PBS, #P<0.05 or ##P<0.01 vs AdGFP+Ang II). Protein expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Data are expressed as mean±SD. consequences of USP4 downregulation, we tested the effect of USP4 on kinases involved in promoting cardiac hypertrophy. Our results suggested that the phosphorylation levels of kinases MEK1/2, ERK1/2, c-Jun N-terminal kinase 1/2 (JNK1/2), and P38 were significantly increased after AB surgery ( Figure 5A ), and USP4 depletion significantly augmented phosphorylation levels of JNK1/2 and P38 compared with WT controls (Figure 5A ), which in turn suggested that USP4 acts as a negative regulator of JNK1/2 and P38 signaling in hypertrophied hearts. The latter finding was further supported by the observation that cardiac-specific USP4 overexpression significantly suppressed phosphorylation levels of JNK1/2 and P38 in hypertrophied heart ( Figure 5B) . Consistently, USP4 knockdown in primary NRVMs significantly increased the phosphorylation levels of JNK1/2 and P38 after Ang II stimulation ( Figure 5C ), whereas USP4 overexpression remarkably suppressed JNK1/2 and P38 phosphorylation levels ( Figure 5D ). Collectively, these findings suggest that the antihypertrophic effect of USP4 is associated with suppression of JNK1/2 and P38 phosphorylation levels.
JNK1/2 and P38 are mitogen-activated kinases activated by upstream kinases such as TAK1 in response to various stresses. 29, 30 To investigate the underlying mechanism responsible for effect of USP4 on JNK1/2 and P38 phosphorylation in hypertrophied hearts, we examined the potential effects of USP4 on TAK1. We observed that USP4 depletion significantly elevated the phosphorylation level of TAK1 in hypertrophied heart compared with WT control (Figure 6A ), whereas USP4 overexpression dramatically suppressed TAK1 phosphorylation ( Figure 6B ). Consistent with in vivo observations, USP4 silencing significantly increased the phosphorylation level of TAK1 in Ang II-treated NRVMs compared with control shRNA transfection ( Figure 6C ), whereas AdUSP4 transfection dramatically suppressed TAK1 phosphorylation in Ang II-treated NRVMs compared with AdGFP transfection ( Figure 6D ). Together, these data indicate TAK1 activation Figure 6 . Ubiquitin-specific protease 4 (USP4) inhibits the transforming growth factor β-activated kinase 1 (TAK1) phosphorylation in hypertrophied hearts and myocytes. A, Effect of endogenous USP4 on phosphorylation levels of TAK1 in vivo. Top, Western blots results showing the phosphorylation and total protein levels of TAK1 in heart tissues from USP4 knockout mice and wild-type (WT) mice 4 weeks after aortic banding (AB) surgery. Bottom, Graphic representation of the phosphorylation levels of TAK1 in knockout (KO) and WT mice 4 weeks after AB (n=6, *P<0.01 vs WT/sham, #P<0.05 vs WT/AB). B, Effect of exogenous USP4 overexpression on phosphorylation levels of TAK1 in vivo. Top, Western blot results showing the phosphorylation and total protein levels of TAK1 in heart tissues from USP4 transgenic mice and nontransgenic mice 4 weeks after sham or AB surgery. Bottom, Statistical analysis of the phosphorylation levels of TAK1 in transgenic (TG) and nontransgenic (NTG) mice (n=6, *P<0.01 vs NTG/sham, #P<0.01 vs NTG/AB). C, Effect of endogenous USP4 on phosphorylation levels of TAK1 in vitro. Top, Representative Western blots showing the phosphorylation and total protein levels of TAK1 in neonatal rat cardiomyocytes infected with shUSP4 or shRNA followed by treatment with phosphate buffered saline (PBS) or angiotensin II (Ang II). Bottom, densitometry analyses of TAK1 phosphorylation levels in indicated groups (n=3 independent experiments, *P<0.05 vs shRNA+PBS, #P<0.05 vs shRNA+Ang II). D, Effect of exogenous USP4 overexpression on phosphorylation levels of TAK1 in vitro (n=3 independent experiments, *P<0.01 vs. AdGFP+PBS, #P<0.01 vs AdGFP+Ang II). Protein expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Data are expressed as mean±SD. was negatively regulated by USP4 in response to prohypertrophic stresses.
To further determine if USP4 regulates TAK1 activation in a direct manner, we first examined if USP4 physically interacts with TAK1. To this end, we transfected Flag-tagged TAK1 and hemaglutinin-tagged USP4 into HEK293T cells; coimmunoprecipitation of cell lysates demonstrated that the ectopically expressed USP4 interacted with TAK1 and vice versa ( Figure 7A ). Because USP4, a DUB, is primarily involved in regulating substrate ubiquitination, 31 we further investigated if USP4 deubiquitinated TAK1 in hypertrophied myocytes. As shown in Figure 7B , Ang II stimulation augmented polyubiquitination levels of TAK1 in NRVMs, and USP4 deficiency markedly increased TAK1 polyubiquitination, suggesting that endogenous USP4 was responsible for deubiquitinating TAK1 in hypertrophied myocytes. Because it has been reported that TAK1 polyubiquitination is responsible for autophosphorylation of TAK1 and subsequent phosphorylation of JNK and p38-mitogen-activated kinase, 32 we further tested if USP4 regulates TAK1, JNK1/2, and p38 phosphorylation levels via deubiquitination of TAK1 in hypertrophied myocytes. To this end, WT USP4 or a USP4 mutant (C311A) without deubiquitinating activity were overexpressed in NRVMs, followed by treatment with Ang II. We observed that WT USP4 overexpression markedly suppressed polyubiquitination levels of TAK1 ( Figure 7C ), and reduced subsequent phosphorylation of TAK1, JNK1/2, and p38 in Ang II-treated myocytes ( Figure 7D ). By contrast, USP4 (C311A) that failed to suppress TAK1 polyubiquitination was unable to inhibit phosphorylation of TAK1, JNK1/2, and p38 in Ang II-treated myocytes. Collectively, these data indicate that the inhibitory effect of USP4 on TAK1-(JNK1/2)/P38 signaling in hypertrophied myocytes was dependent on its deubiquitinating activity.
USP4 Deficiency Promotes Cardiac Hypertrophy Depending on TAK1-(JNK1/2)/P38 Signaling Activation
The aforementioned results indicated that USP4 is a negative regulator of TAK1-(JNK1/2)/P38 signaling in response to hypertrophic stress. To further identify if the excessive activation of TAK1-(JNK1/2)/P38 signaling is essential for USP4 Figure 7 . Effect of ubiquitin-specific protease 4 (USP4) on the transforming growth factor β-activated kinase 1 (TAK1)-(JNK1/2)/P38 signaling depends on its deubiquitinating activity. A, Immunoprecipitation (IP) assays were performed to determine the potential binding between ectopically expressed USP4 and TAK1. pcDNA5-Flag-TAK1 and pcDNA5-HA-USP4 were transfected into HEK293T cells. After 48 hours, cellular lysates were subjected to IP with antibodies against hemaglutinin (HA) (Top) or FLAG (Bottom). B and C, Neonatal rat cardiomyocytes (NRVMs) were transfected with adenovirus harboring shUSP4 or shRNA (B), or with adenovirus harboring GFP, USP4, or an inactive USP4 mutant (C311A, C), followed by angiotensin II (Ang II) treatment for 0 or 24 hours. Subsequently, cell lysates were subjected to immunoprecipitation with an anti-TAK1 antibody followed by Western blotting with an anti-Ub antibody. D, NRVMs were transfected with adenovirus harboring GFP, USP4, or an inactive USP4 mutant (C311A), followed by Ang II treatment for 0 or 24 hours. Subsequently, cell lysates were subjected to Western blot analysis for detection of phosphorylation and total protein levels of TAK1, JNK1/2, and P38 in indicated groups (n=3 independent experiments, *P<0.05 or * deficiency-mediated cardiac hypertrophy progression, USP4 knockout mice and WT control were intraperitoneally injected with 5z-7-oxozeaenol (an inhibitor of TAK1) for 4 weeks after AB surgery. As shown in Figure 8A , 5z-7-oxozeaenol effectively inhibited phosphorylation of TAK1-(JNK1/2)/P38 signaling in hypertrophied hearts. Notably, blockade of TAK1-(JNK1/2)/ P38 signaling attenuated hypertrophic growth, cardiac fibrosis, and cardiac dysfunction to similar extents in knockout and WT mice subjected to AB ( Figure 8B-8F) , implying that the pathological effect of USP4 deficiency is largely dependent on excessive activation of TAK1-(JNK1/2)/P38 signaling.
Discussion
Cardiac hypertrophy is a common response to a variety of pathological stimuli and eventually leads to heart failure, making it essential to discover impactful therapeutic targets to suppress its progression. 1, 2, 33 This study identified that expression of USP4 was downregulated in human failing heart samples and in a murine model of cardiac hypertrophy induced by pressure overload. Adenovirus-mediated gainand loss-of-function approaches indicated that decreased expression of endogenous USP4 promoted myocyte hypertrophy induced by Ang II in vitro, whereas restoration of USP4 significantly attenuated the prohypertrophic effect of Ang II. To further confirm the cardiac roles of USP4 in an in vivo model, we generated mice with cardiac-specific overexpression of USP4 or global knockout of USP4. Consistent with in vitro data, USP4 deficiency aggravated cardiac hypertrophy and fibrosis induced by pressure overload, whereas overexpression of cardiac USP4 protected against these pathological consequences. Mechanistically, the beneficial effect of USP4 on cardiac hypertrophy was largely dependent on the blockade of TAK1-(JNK1/2)/P38 signaling based on its deubiquitinating activity. Our results provide novel insights Figure 8 . Inhibition of the transforming growth factor β-activated kinase 1 (TAK1) blunts the detrimental effect of ubiquitin-specific protease 4 (USP4) deficiency in cardiac hypertrophy.
To decipher if excessive activation of TAK1 contributes to the detrimental effect of USP4 deficiency in cardiac hypertrophy, an inhibitor of TAK1, 5z-7-oxozeaenol, was administered to USP4 knockout mice or wild-type (WT) mice after aortic banding (AB) surgery. A, Western blot analysis revealed that 5z-7-oxozeaenol but not dimethyl sulfoxide (DMSO) significantly inhibited phosphorylation of TAK1 and its downstream kinases JNK1/2 and P38 in hypertrophied hearts from knockout (KO) mice (n=4, *P<0.01 vs KO−DMSO). B, 5z-7-oxozeaenol treatment decreased ratios of heart weight/body weight (HW/BW, left), lung weight/body weight (LW/ BW; middle), and heart weight/tibia length (HW/ TL, right) to similar extents in KO and WT mice (n=4) into the pathogenesis of cardiac hypertrophy, and for the first time suggest that USP4 may be an indispensable endogenous negative regulator of pressure overload-induced cardiac remodeling and dysfunction.
The ubiquitin proteasome system, counterbalanced by 2 of its important components, ubiquitin ligases (E3s) and DUBs, controls many fundamental biological processes by targeting specific substrates. 34 Emerging data indicate the ubiquitin proteasome system is dysregulated and plays a role in cardiac pathologies such as cardiac hypertrophy, ischemic heart injury, and heart failure. 35, 36 In this regard, there has been more focus on investigating the cardiac roles of E3s, and many E3s such as MuRF1/2/3, Atrogin-1, CHIP, and MDM2 have been implicated in the pathogenesis of cardiac hypertrophy. 37 By contrast, data on the roles of DUBs in cardiac hypertrophy are relatively lacking. In particular, although the largest DUB subclass USPs, consisting of ≈60 members, have stimulated the development of various inhibitors for their potential therapeutic value in cancer, 38 only 1 USP member (CYLD) was demonstrated to be involved in the pathogenesis of cardiac hypertrophy. 39 Here, by utilizing global knockout and cardiac-specific transgenic manipulation, we provided the first evidence that USP4, unlike CYLD, which is a mediator of cardiac hypertrophy, 39 represents a cardiomocyte-specific negative regulator of pathological cardiac hypertrophy. The different roles of USP4 and CYLD in the pathogenesis of cardiac hypertrophy by regulating distinct signaling pathways imply that the USPs family may represent a novel reservoir of signaling molecules involved in maintaining cardiac homeostasis.
Mechanistic studies demonstrated that USP4 exerted antihypertrophic effects by suppressing activation of TAK1 in response to pressure overload. TAK1 is a member of the MEKK family central to many critical physiological processes 40 and is designated as a pivotal strategic point involved in the development of cardiac hypertrophy. 41 Activation of TAK1 was well-documented to pivotally induce cardiac hypertrophic growth at baseline or in response to pressure overload, [41] [42] [43] [44] whereas a recent study reported that cardiacspecific depletion of TAK1 induced cell death and cardiac dysfunction. 45 Such discrepancy may be reconciled by the dual role of TAK1 in the regulation of myocyte survival and hypertrophy. Under physiological circumstances, maintaining adequate levels of TAK1 is indispensable for myocyte survival, 45 whereas hyperactivation of TAK1 stimulates cell enlargement and chamber remodeling, 41 suggesting that TAK1 represents a molecular node in the heart, which requires delicate regulation to maintain cardiac homeostasis. Our results indicated that USP4 depletion dramatically augmented TAK1 activation in response to hypertrophic stimuli, whereas overexpression of USP4 suppressed TAK1 phosphorylation to levels similar to those in sham-operated mice, indicating that USP4 is a potent molecular switch, which dampens the hyperactivation of TAK1 in the setting of cardiac hypertrophy. Furthermore, the administration of a TAK1 inhibitor (5z-7-oxozeaenol), which has been used to demonstrate the specific involvement of TAK1 in diverse conditions, 46, 47 significantly suppressed phosphorylation levels of TAK1 and reversed cardiac hypertrophy in USP4 knockout mice, suggesting that USP4 regulates hypertrophic phenotype in a TAK1-dependent manner. 5z-7-oxozeaenol treatment also significantly suppressed phosphorylation levels of JNK1/2 and p38 in hypertrophied hearts. The inhibitory effect of 5z-7-oxozeaenol on JNK1/2 and p38 might be an indirect effect mediated by TAK1 inhibition because TAK1 is an upstream kinase responsible for the phosphorylation of JNK and p38. 32 Collectively, these findings suggest that cardiac USP4 represents a promising antihypertrophic target, which serves as a potent negative regulator of a central hypertrophic mediator TAK1.
Cardiac fibrosis is another important hallmark of pressure overload-induced pathological cardiac remodeling, 2 which exacerbates cardiac performance by disarranging cardiac muscle fibers. 48 Results of this study surprisingly indicated that cardiomyocyte-specific overexpression of USP4 dramatically reduced interstitial and perivascular fibrosis. This is plausible when considering that TAK1-(JNK1/2)/P38 serves as an important pathway in the fibrotic response by promoting production of profibrotic factors, such as connective tissue growth factor. 49, 50 Here, we observed that cardiomyocyte-specific USP4 overexpression drastically inhibited TAK1-(JNK1/2)/ P38 signaling activation and connective tissue growth factor production in hypertrophic myocardium. Connective tissue growth factor is one of the most important profibrotic growth factors that can be transcriptionally induced by hypertrophic stimuli in myocytes and can propagate the fibrotic response as a paracrine factor. 51 Therefore, these lines of evidence imply that cardiomyocyte-specific overexpression of USP4 may decrease cardiac fibrosis in a paracrine manner.
To conclude, we unfolded a novel role of USP4 in regulating pathological cardiac hypertrophy via inhibition of the TAK1-(JNK1/2)/P38 signaling pathway. These findings provide the first evidence for the involvement of USP4 in cardiac hypertrophy, and imply the USPs family may represent a novel reservoir of signaling molecules involved in maintaining cardiac homeostasis. Our results also shed light on the therapeutic potential of USP4 manipulation in the treatment of cardiac hypertrophy. Because therapeutic pharmacological activation of an enzyme is difficult and not an optimal strategy in a disease state where the expression level of the target is low, genetically restoring USP4 levels might be a more reasonable therapeutic strategy for cardiac hypertrophy and heart failure.
Perspectives
USPs are DUBs as important as E3 ubiquitin ligases; however, their roles in the pathogenesis of cardiac hypertrophy are less well understood. Our study provides the first direct evidence that USP4, a DUB, is a critical negative regulator of pathological cardiac hypertrophy via inhibition of the TAK1-(JNK1/2)/P38 signaling pathway. These findings expand our understanding of the cardiac roles of USPs, and indicate that maintaining cardiac USP4 levels may be a promising therapeutic strategy for reversing cardiac hypertrophy. 
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• USP4 deficiency exacerbates pressure overload-induced cardiac hypertrophy and cardiac dysfunction, whereas restoration of cardiac USP4 levels attenuates these cardiac structural and functional impairments.
• Administration of 5z-7-oxozeaenol, an inhibitor of the transforming growth factor β-activated kinase 1, reverses pressure overload-induced cardiac hypertrophy and cardiac dysfunction in USP4 knockout mice.
What Is Relevant?
• Effective therapeutic strategies to reverse pathological cardiac hypertrophy are limited, and the molecular mechanisms underlying the pathogenesis of cardiac hypertrophy are not fully elucidated.
• Pressure overload-induced animal models of cardiac hypertrophy closely mimic the hypertension-induced cardiac impairments observed in patients.
• This study provides the first evidence for the involvement of USP4 in cardiac hypertrophy, highlighting the USPs family as a novel reservoir of signaling molecules involved in maintaining cardiac homeostasis. 
Supplemental Figure S2
Supplemental Figure S2 . Transcription levels of USP members in wild type and USP4 knockout mice heart. Transcription levels of USP members were measured by real-time quantitative PCR, and the results indicated that several USPs were not detectable in wild type mice heart (USP17, USP26, USP29, USP34, USP44, USP50 and USP51), and that USP4 knockout did not significantly alter mRNA levels of other USP members.
Supplemental Figure S3
Supplemental Figure S3 . The effect of USP4 knockout on proteasomal activities in heart.
Proteasomal activity was determined by measuring both chymotryptic (A) and tryptin-like activity (B) in heart from KO and WT mice. WT, wild type; KO, USP4 knockout; sham, sham-operated.
Supplemental Figure S4
Supplemental Figure S4 . Levels of total protein ubiquitination analyzed by Western blot in indicated groups. Levels of total protein ubiquitination were slightly higher in USP4 knockout hearts compared with wild type hearts at baseline (sham) or after aortic banding (AB) surgery. WT, wild type; KO, USP4 knockout; sham, sham-operated; AB, aortic banding surgery.
